Abstract : To evaluate the feasibility of conservation tillage in combination with reduced biocide and fertilization regimes, we conducted a fi eld experiment using conventional and reduced tillage, with or without reduced biocide, and fertilization regimes for growing soybean, sugar beet, and spring wheat in this order for three years. Root biomass and sugar yield of sugar beet did not differ with any combinations of conservation practice. Although leaf biomass was signifi cantly reduced under reduced chemical fertilization (replaced partially with manure compost), it was compensated by a greater specifi c leaf area. Early crop growth of soybean, and spring wheat was increased to some extent under reduced tillage, which indicated a better nutrient utilization, as well when combined with reduced biocide application. However, reduced fertilization could not supply as much nitrogen as conventional chemical fertilization especially in the combination with reduced tillage. Larger amount or long-term application of organic fertilization may be necessary under reduced tillage compared to the requirement under conventional tillage to compensate for lower rate of nitrogen release from organic matter.
There has been an increasing interest in the conservation tillage system since the 1960's, and its adoption has spread in arid, semi-arid and tropical regions in North and South America (Phillips, 1984; Blevins and Frye, 1993; Cannell and Hawes, 1994; Derpsch and Moriya, 1999) . The adoption of conservation tillage system in these areas was mainly promoted by a marked yield increase; minimum soil disturbance and cover with plant residue alleviated constraints for crop production in these regions, such as drought, soil erosion and compaction. Development of effective herbicides, which could replace the weeding effect of tillage operations, has supported the practicability of conservation tillage as well.
Better crop performance has been reported under conservation tillage in cool, temperate regions as well. Better vegetation growth of barley and oats was consistently obser ved under conser vation tillage for 14 years in Norway, which may have been caused by a better soil moisture condition under conservation tillage (Børresen, 1993) . Slightly higher soybean biomass in early growth was observed under conservation tillage in North Dakota and in Japan which may be associated with stratifi ed nutrients, and enhanced root growth near the soil surface (Ogawa et al., 1988; Deibert and Utter, 1989) . Root colonization by AM fungi under less disturbed soil increased phosphorous uptake by crop seedlings in Japan (Usuki et al., 2001) , unless non-host crops in the rotation lower the density of AM fungi (McGonigle and Miller, 2000; Karasawa et al., 2002) . These benefi ts should be generally valid in temperate regions, but they are usually small, and often overridden by negative consequences, such as wet hazards and low temperatures in spring, when an inappropriate type of conservation tillage is implemented (Carter, 1994) . Conservation tillage in the temperate region therefore has not been very attractive to farmers and its adoption has been limited (Cannell and Hawes, 1994) . However, the potential of conservation tillage to promote sustainability of agriculture system irrespective of climatic and soil conditions should be acknowledged (Carter, 1994) . Reduction of energy requirements, and enhancement of soil quality and biodiversity in agroecosystems are also important benefi ts of conservation tillage system.
In order to promote conservation tillage as an integral component of sustainable agriculture, evaluation of adoptability in combination with other conservational practices is necessary. Conservation tillage is often coupled with increased rates of herbicide, which may give an adverse impact on agroecosystem (McLaughlin and Mineau, 1995) . Wetter soil conditions under conservation tillage may accelerate denitrifi cation, and more developed macropores may result in greater leaching, both of which lead to greater nitrogen loss when large amount of inorganic nitrogen is applied (Blevins and Frye, 1993) . If less intensive biocide application and fertilization can be integrated successfully, conservation tillage can be better recognized as a sustainable technique.
Feasibility of conservation tillage combined with the reduced rates of both bioicide and chemical fertilizer application, and its potential for improving crop performance are worth exploring. This study presents the performance of soybean, sugar beet and spring wheat cultivated consecutively under the combination of conservation (reduced) or conventional practices of tillage, biocide, and fertilization regimes. Whether the positive effects of reduced tillage persist under the combination of conservational practices, and whether there are any interaction effects on crop production by combining reduced tillage with other conservational practices were investigated.
Materials and Methods

Cultural Procedures
A fi eld experiment was conducted at the National Agricultural Research Center for Hokkaido Region, Japan (143 o 3'E, 42 o 53'N). The soil type at the experimental fi eld is Andosol, loam. The fi eld was prepared in the autumn of 1999 at the site which had been planted with phacelia (Phacelia tanacetifolia Benth.) in 1998, and cabbage (Brassica oleracea L. var. capitata) in 1999. The experiment was conducted in [2000] [2001] [2002] . Fig. 1 shows climate data during the experiment.
The design of the experiment was a split-plot with 2 blocks, 16 plots in total (10 m 4m area per each plot). Main factors were tillage intensity (CT, conventional tillage; RT, reduced tillage), and biocide quantity (CB, conventional biocide application; RB, reduced biocide application). Sub factor was fertilization (CF, conventional chemical fertilization; RF, reduced chemical fertilization partially replaced with cattle manure compost).
CT consisted of moldboard plowing to 25 cm in depth after harvest, rotary harrowing and spring-tooth harrowing to 5 cm before seeding. RT was managed only with rotary harrowing to 5 cm before seeding. The moldboard plowing was conducted on Nov. 1 in 1999, Nov. 4 in 2000, and Oct. 25 
Crop Sampling
Soybean was sampled fi ve times; the fi rst on Jun. 14 (unifoliolate leaves developed), the second on Jun. 29 (two trifoliolate leaves developed), the third on Jul. 12 (beginning of fl owering), the fourth on Aug. 21 (beginning of pod development) and the fi fth on Oct. 5 (at harvest). At each sampling, four plants were randomly chosen per plot, and separated to roots, stems (including petioles), leaves, and pods. Leaf area was measured with images of leaves spread on a wooden plane board. The images were taken by a digital camera (Olympus, CAMEDIA, C-2020Z) and the areas were calculated with Adobe Photoshop 6.0, threshold and histogram functions. The plant samples were oven-dried at 80 o C for two days and weighed, and total nitrogen contents were measured with an NC analyzer (Sumigraph NC-900, SUMIKA; Gas Chromatgraph GC-8A, SHIMADZU). At harvest, plants were collected from 2.08 m 2 in each plot. They were air-dried for two weeks until the moisture level reached to ca. 10%, and seed yield, and 1-seed weight were measured. Seed protein and oil content were determined by near-infrared spectroscopic analysis (Infratec 1241, Foss Tecator).
Sugar beet was also sampled fi ve times; the fi rst sampling on May 16, 2001, the second on Jun. 11, the third on Jul. 3, the fourth on Aug. 22, and the fi fth on Oct. 9 (at harvest). Four plants were sampled at each sampling, and separated into leaf and root fractions. Crown and neck (morphologically analogous to epicotyl and hypocotyl, respectively) were included in root fraction to avoid artifacts caused by the separating procedures. At harvest, plants were collected from 3.12 m 2 in each plot, and fresh weight, sugar content, and impurity contents (amino-N, potassium, and sodium) of roots were measured. Root fraction at the harvest excluded crown, according to usual sugar production procedures. Sugar content, amino-N, potassium and sodium content were measured with the Venema Sugar Beet Analyzing System Hokunoshi (VERENA, Holland), based on Sachs-Le Docte method, Staněk-Pavlas method and fl ame analysis, respectively.
Spring wheat was sampled from 0.45 m 2 from randomly chosen 3 rows at every sampling time. Plant, stem and ear numbers were counted, and aboveground dry weight was measured. The fi rst sampling was conducted on May 13, 2002 (two to three leaves developed), the second on Jun. 3 (tillering stage), the third on Jun. 19 (fi rst heading time), the fourth on Jul. 9 (fl owering) and the fi fth on Aug. 5 (at harvest). Nine plants were randomly chosen from each sample and separated into leaves, stems (including sheaths), and ears. Dry biomass and total nitrogen of each fraction, and leaf area were measured. The root distribution of spring wheat was studied on Jul. 29 by collecting roots from soil samples taken from 3 randomly chosen rows with a boring sampler (diameter of 3.5 cm) at every 5-cm-depths up to 30 cm depth. Roots recovered by wet sieving were dried at 80 o C for two days for weighing. Harvest was from 2 m 1.2 m quadrate from each plot. Plants were air-dried for 3 weeks, and aboveground dry weight, grain yield and 1-grain weight (adjusted to 13.5% moisture level) were measured, and ear numbers were counted.
Soil Sampling
Soil samples for measuring nitrate and ammonium concentrations, total carbon, and total nitrogen were taken 3 times in each year, on Jun. 8, Aug. 23 and Oct. 
Data analysis
The signifi cant difference in crop and soil data was tested by the general linear models (the SAS system, PROC GLM). Main factors and their interaction effects were tested against the residual of the interactions of replicate and main factors (df=3). A sub-factor and the interactions with sub-factor were tested against the residual of the interaction of replicate, main factors and sub-factor (df=4). Correlation matrices were generated by the CORR procedure (PROC CORR) with the plot mean values of each variable. The signifi cance level was set at 5% unless otherwise mentioned.
Effects of biocide and its interaction with other treatments on crop yield, crop quality and soil properties were mostly not signifi cant during three years as shown in tables. The biocide treatment was therefore averaged in fi gures to be concise. T; tillage, B; biocide application, F; fertilization. ***, **, *, + and n.s.represent the signifi cance levels of 0.001,0.01, 0.05, 0.1, and no signifi cance, respectively.
Results
Crop growth, yield and quality (1) Soybean
Growth of soybean in 2000 was affected by the tillage, and fertilization treatment. The above ground biomass was signifi cantly smaller under RF from the second sampling to the harvest (Fig. 2a, Table 1 ), and greater under RT at the second sampling (1.08 g plant -1 in CT, 1.21 g plant -1 in RT). Nitrogen content was lower under RF until the third sampling (Fig. 2b, Table 1 ). Biomass and nitrogen content of above-ground organs (stem, leaf and pod) responded to tillage and fertilization in a similar way (data were not shown).
Growth analysis was conducted by calculating plant growth parameters in the periods between two samplings. Relative growth rate (RGR) was signifi cantly (p<0.01) lower under RF (0.559 g g -1 week -1 ) than under CF (0.695 g g -1 week -1 ) during 22-36 days (from the fi rst sampling to the second sampling). Net assimilation rate (NAR) responded in a similar manner (p<0.05, 0.45 10 -2 g cm -2 week -1 in RF, 0.56 10 -2 g cm -2
week -1 in CF). There was an interaction between tillage and fertilization in soybean yield (Fig. 2c, Table 1 ). Greater yield under CF compared to RF was more manifested in the combination with RT. Yield can be divided into population density (15.4 plants m -2 , constant), pod number per plant, seed number per pod, and 1-seed weight. Among these yield components, seed number per pod showed a similar trend to yield (Fig. 2d-f , Table 3 . Effect of treatments on growth analysis components of sugar beet in 2001. Relative growth rate (RGR) is a product of net assimilation rate (NAR) and leaf area ratio (LAR: total leaf area of plant divided by total biomass), and LAR is further partitioned to specifi c leaf area (SLA: leaf area divided by leaf weight) and leaf weight ratio (LWR: proportion of leaf weight to total biomass). (Fig. 3a, b , Table 2 ). Root biomass was unaffected by fertilization, except for the second sampling when the biomass was greater under RF. On the contrary, leaf biomass was strongly affected by fertilization, and was constantly smaller under RF during the growth period. Nitrogen content was more consistently affected by the fertilization treatment; it was constantly lower under RF and was the lowest under CT RF at the second sampling both in leaves and in roots (Fig. 3c, d , Table 2 ).
Growth analysis showed that leaf weight ratio (LWR) and specifi c leaf area (SLA) were strongly affected by fertilization whereas RGR was not (Table 3) . LWR was smaller and SLA was greater under RF during most of the growth period. Since these two components offset each other, the effect of the fertilization on RGR was not signifi cant. Interaction effects of biocide and fertilization were signifi cant in RGR and NAR in later seasons, although inconsistent. All components except for SLA were lower under RT at the last period.
Yield and sugar concentration did not differ among treatments (Fig. 3e, f, Table 2 ), but impurity contents (amino-N, potassium, and sodium) responded differently to the treatments (Fig. 3g-i, Table 2 ). Amino-N content was higher under CF, potassium under RF, and sodium under RT. Sugar yield calculated based on these impurity contents did not differ statistically among treatments, and was 720.3 g/m 2 on the average. Root yield over treatments was rather low (45.4 t ha -1 ) compared to the average in Tokachi region (58 t ha -1 in 2001), probably because of Cercospora leaf spot (Cercospora beticola), Aphanomyces root rot (Aphanomyces cochlioides), and Rhizoctonia root rot (Rhizoctonia solani) prevailed in the experimental fi eld in the later season.
(3) Spring wheat The above-ground biomass of spring wheat was greater under RT at the second and the third sampling (at 10% level of signifi cance; 0.19 and 0.74 under CT, and 0.23 and 0.86 under RT, respectively), and was smaller under RF after the third sampling till the harvest (Fig. 4a, Table 4 ). Difference between CF and RF was greater under the combination with the RT treatment at the fi fth sampling (at 10% level). Nitrogen content of above-ground tissue was constantly lower under RF until the fourth sampling (Fig. 4b , Table 4 ). Biomass and nitrogen content of aboveground organs (stem, leaf and ear) responded in similar ways to the total plant (data not shown).
Growth analysis detected greater RGR under RT (0.784 g g -1 week -1
) than under CT (0.717 g g -1 week
-1 ) at the early season (p<0.01), which may be partly explained by greater SLA (p<0.1, 215 cm 2 g -1 in RT, 204 cm 2 g -1 in CT). Signifi cant main effect of biocide and its interaction with tillage were detected in RGR at the period of 45-60 days, but they were not explicable from its components.
Root distribution was greatly affected by the tillage treatment (Table 5) . A marked increase of root biomass was found in the uppermost layer (0-5 cm) under RT, and some in the middle layer (10-15 cm) under CT.
Yield of spring wheat was higher under CF compared to that under RF (Fig. 4c , Table 4 ). Although statistically not signifi cant, this trend was enlarged under RT treatment. The yield can be divided into ear number per square meter, grain number per ear, and 1-grain weight. The examination of these yield components showed that no one component explained the above-mentioned differences in the yield (Fig. 4d-f , Table 4 ). Ear number was lower under RF, but this was compensated by heavier 1-grain weight under RF, especially in combination with CT (at 10% level). Grain number per ear did not show any signifi cant effect. Nitrogen content of grain, which can be an index of protein content, did not differ among treatments. Its average value was 2.3%.
Soil properties in relation to the crop yield and quality
The responses of soil chemical and physical properties to the treatment and their correlations with crop yields and qualities, which showed signifi cant responses to the treatments, were tested. Soil nitrate nitrogen concentration was generally lower under RF in the early season (Fig. 5a, Table 6 ). An exception was found in 2002, where the concentration was higher under RF; the soil samples taken in this year may have refl ected the concentration of inorganic nitrogen of inter-rows rather than rows because of narrow banding of chemical fertilizer in this year. The concentration of soil nitrate nitrogen was also affected by the tillage treatment, and was higher under RT in the earlyseason of 2000 and 2002 (at 10% level) , and in the mid-season of 2001. This trend was stronger in the combination with the CF treatment especially in 2000 and 2001. Soil ammonium concentration responded in a similar way as soil nitrate concentration, although not always signifi cantly (Fig. 5b, Table 6 ). Soil total nitrogen and carbon contents responded to tillage and fertilization by 2002 (Fig. 6a, Table 6 ). They were higher under the combination of RT and RF. Penetration resistance of the soil was signifi cantly higher under RT (Fig. 6b, Table 6 ). Total nitrogen, Table 5 . Signifi cance of treatment effects on root distribution of spring wheat in 2002. ***, **, *, +and n.s.represent the signifi cance levels of 0.001, 0.01, 0.05, 0.1, and no signifi cance, respectively. Abbreviations folow that of Table 3. carbon content, and soil penetration resistance, however, did not have any correlation with crop properties. Bulk density in the upper soil layer (1-6 cm) ( (Fig. 7b, Table 6 ). A positive correlation was found with potassium concentration in sugar beet (in Jun. 2001, p=0.046, r=0.51) . Basic intake rate was lower under RT than under CT (Fig. 7c) . Table 6 . Signifi cance of treatment effects on soil properties. ***, **, *, +and n.s.represent the signifi cance levels of 0.001, 0.01, 0.05, 0.1, and no signifi cance, respectively. Abbreviations follow that of Table 1 .
Discussion
Among the three crops investigated, soybean and spring wheat responded to the treatments in a similar way. Greater vegetative growth under RT, which has been found in studies in cool temperate regions (Ogawa et al., 1988; Deibert and Utter, 1989; Børresen, 1993; Usuki et al., 2001 ) was also observed in early growth stages of these two crops in our experiment. This trend was also valid under the combination with RB. Measurement of soil inorganic nitrogen indicated a better nitrogen supply under RT at the beginning of the growth season, which may have accelerated the crop growth. Slower water infi ltration rate under RT, as was shown in basic intake rate, may be one of the possible reasons for the higher inorganic nitrogen concentration under RT. Less leaching loss under RT compared to CT may have maintained more inorganic nitrogen in the upper layer of the soil. Even if denitrifi cation increased under RT, which is anticipated under wet soil condition, the total nitrogen loss was still smaller under RT in our experiment. Whether the nitrogen loss through leaching and denitrifi cation are infl uenced by conservation tillage depends on soil type and climate (Kitchen et al., 1998) , and our results indicated that RT on Brown Andosol in this region can actually improve nitrogen use effi ciency by keeping greater amount of inorganic nitrogen available to plants, at least during fi rst three years. Stratifi cation of phosphorus under RT, which is often reported, may also have played some role. Phosphorous availability can be a limiting factor for crop growth in Andosol with high phosphate sorption capacity. Massive root growth of spring wheat under RT in 0-5 cm depth may be a sign of concentrated P in the upper layer (Holanda et al., 1998) , which should have facilitated the P uptake by seedling along with other nutrients and water. The effect of AM fungi which potentially facilitates P absorption of crops, on the other hand, was insignifi cant at least with the soybean in our experiment (data not shown), in which we assumed that the preceding non-host vegetable (cabbage) reduced the density of AM fungi at the level where almost no colonization could occur. Colonization of AM fungi on spring wheat cultivated after sugar beet (non-host) was considered also unlikely.
Better performance of crops under RT, however, disappeared in the middle of the growth period, and was not necessarily resulted in a greater yield when combined with RF. Less mineralization of nitrogen under no-tillage which tends to create a wetter and less aerated soil condition is reported (Thomas and Frye, 1984) . Less favorable soil condition for mineralization as well as lack of mechanical incorporation of manure into the soil may have lowered nitrogen release from manure under RT. Theoretically, adequate application of manure compost can improve nitrogen use effi ciency by synchronizing nitrogen release with crop growth, and providing nitrogen in later growth periods, e.g. grain/seed fi lling period (Ma et al., 1999) . The crops under CT seemed to benefi t better from manure application, as was shown in seed number per pod of soybean (Fig. 3e) , which is dependent on photosynthesis after fl owering (Egli and Crafts-Brandner, 1996) , and 1-grain weight of spring wheat (Fig. 4f) . The crops under RT, on the other hand, could not obtain suffi cient nitrogen because of less nitrogen release from manure, which may have cancelled the advantages in the early growth. Nevertheless, soil total carbon and nitrogen concentrations were increased under RT and RF by the third year of our experiment, which indicates the accumulation of soil organic matter. This trend may potentially minimize the disadvantages observed in this experiment, by improving soil structure and microbial activities (Eck et al., 1990; Carter, 1992) , and even improve the soil conditions for crop production after several years. Increased microarthropod population (Miyazawa et al., 2002) under the combination of RT and RF might also contribute to nutrient availability in long term.
Sugar beet was affected by the treatments in different manner from the other two crops. The RF treatment did reduce N content and leaf growth, but neither root growth, sugar concentration, nor yield. A study conducted in Italy was similar to our result; root yield and sugar content did not differ among different fertilization regimes (mineral fertilization alone, poultry manure alone, and mixed), whilst leaf and crown biomass was greater under the highest rate of mineral fertilization (Giardini et al., 1992) . In our experiment, the expansion of thinner leaves (i.e. greater SLA) could explain the gap between leaf and root growth. Developing thinner leaves compensated for smaller leaf biomass under RF. Compared to grain or seed crops, sugar beet may be less sensitive to fertilization regime as long as root yield is concerned. The root quality under less fertilized or organically fertilized soil may be even improved by lowered amino-N content as was shown in our experiment (Fig. 3g) . Amino-N is one of the three major impurity contents which impede crystallization and extraction of sugar (Smith et al., 1977) . Reduction of nitrogen fertilization has been actually recommended to reduce amino-N content and to increase sugar yield (Draycott and Martindale, 2000) .
Along with amino-N, potassium and sodium concentrations are major indices for the sugar beet quality (Smith et al., 1977) , in which lower concentration is preferred. Potassium concentration was higher under RF, which may have been caused by the difference in above-ground biomass. Unlike nitrogen, potassium contained in manure can be utilized by crops much the same as that of chemical fertilizers (Groves et al., 1999) . If the same amount of potassium were available and absorbed by sugar beet, its concentration in the plant body would likely be higher under RF because of smaller above-ground biomass. Sodium is easily lost from soil surface by leaching (Eck et al., 1990) , thus may have resulted in a higher concentration under RT where leaching was likely to be less. However, the differences in these impurity contents were so small that they did not give a major impact on extractable sugar content in this study. Both potassium and sodium are essential nutrients for sugar beet, and not only potassium but also sodium fertilization is sometimes recommended to realize maximum yields (Durrant and Draycott, 1978; Haneklaus et al., 1998) . Unless excessive amount of potassium and sodium exist in the soil, the concentrations of these cations can be controlled by fertilization regimes.
Conclusion
Superior or at least equal yield could be obtained with RT compared with CT in an upland cropping system in Tokachi region. Better nutrient utilization may be realized under RT by less leaching loss of inorganic nitrogen. Vigorous growth of roots near the soil surface may have also promoted the early crop growth. RB did not adversely affect on crop yield even when combined with RT. If organic fertilization is implemented under RT, however, larger amount or long-term application may be necessary compared to the requirement under CT to compensate for the lower rate of nitrogen release from the organic matter.
